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Abstract: This paper describes a new approach to establish the prob- 
abilistic cable rating based on cable thermal environment studies. 
Knowledge of cable parameters has been well established. However 
the environment in which the cables are buried is not so well under- 
stood. Research in Queensland University of Technology has been 
aimed at obtaining and analysing actual daily field values of thermal 
resistivity and diffusivity of the soil around power cables. On-line 
monitoring systems have been developed and installed with a data 
logger system and buried spheres that use an improved technique to 
measure thermal resistivity and diffusivity over a short period. 
Based on the long-term continuous field data for more than 4 years, 
a probabilistic approach is developed to establish the correlation 
between the measured field thermal resistivity values and rainfall 
data from weather bureau records. Hence, a probabilistic cable rat- 
ing can be established based on monthly probabilistic distribution of 
thermal resistivity. 
Keywords: Thermal Resistivity, Cable Rating, Thermal Resis- 
tivity measurement, Monitoring, Probabilistic, Statistic 
1. INTRODUCTION 
The basic rating of an underground power cable is the 
continuous current rating. Methods of calculating this rating 
have been standardised in an international standard[ 11. To 
take advantage of the long heating time constants of buried 
cables, cyclic and emergency ratings are also assigned. Pro- 
cedures for calculation of these are also defined in IEC 
documents[2, 31. These documents define methods for cal- 
culating the losses and thermal resistances of many different 
types of cable construction and require values of the thermal 
parameters of different cable materials and soil in which the 
cable is buried. For cables, the values of the thermal resistiv- 
ity and thermal capacity of the conducting and insulating 
components can be relatively accurately defined and are 
listed in these documents. These documents also recommend 
values for the soil parameters. However it has long been rec- 
ognised that these values are subject to large variations and 
the choice has often been based on limited data. Thus for 
Australia a single value of thermal resistivity and soil ambi- 
ent temperature is recommended in spite of the large varia- 
tions in soil and climatic conditions throughout the continent. 
Although the topic of soil thermal resistivity has been in- 
vestigated at various times since techniques for calculating 
cable rating were published in the 1930s, there is still an in- 
ability to confidently predict values of thermal resistivity 
given a set of environmental and loading conditions. The soil 
thermal resistivity depends on the soil type, density and 
moisture content. Spot checks can be done but these will only 
give a value true at the time and place of measurement. 
Sometimes soil samples are taken and their resistivity meas- 
ured as a function of density and moisture. Density for a 
given site is known, but not the moisture content that can be 
expected as a result of seasonal conditions. Values of thermal 
resistivity of soil are usually unacceptably high for the com- 
pletely dry condition. Thus the tendency is to accept a mini- 
mum moisture content and use the corresponding thermal 
resistivity. This assumption would normally expected to be 
conservative. However there is also the danger of underesti- 
mating the effects of long periods of dry weather. In sum- 
mary there is the possibility that cables %e normally under- 
rated but on extreme weather conditions could be operating 
above their maximum allowable operating temperatures. 
Moisture migration adjacent to a heat source such as a ca- 
ble can also lead to changes of the thermal resistivity and has 
been studied by a number of investigators in Europe and 
North America. There is a good understanding of the process 
of moisture migration but disagreement on details under cer- 
tain conditions. Thus IEC recommends a critical isotherm 
within which the soil is assumed to be. 'completely dry[l]. 
However Anders[4] refers to the work of Hartley and Black 
in USA which stresses the importance of the heat flux. The 
IEC recommendations are only for continuous current condi- 
tion. There is no guidance for variable loads. 
As there are various uncertainties encountered in the de- 
termination of soil thermal resistivity and consequently the 
cable current ratings, a probabilistic approach seems to be 
more applicable. Papers by Anders et- a1 [5, 6ldescribe a 
method of constructing a model of the soil moisture varia- 
tions based on a technique by Thomwaite[7]. From this a 
Monte Carlo simulation is used to construct a probability 
distribution of soil thermal resistivity variations. Also Black- 
well et a1[8] refer to the need for a statistical distribution of 
thermal resistivity for a probabilistic method of cable rating. 
From the above it is clear that there is a general under- 
standing of the various factors affecting soil thermal resistiv- 
ity but an inability to apply it to specific situations, for exam- 
ple the expected moisture content in the soil adjacent to a 
cable. Research has been carried out in the agricultural in- 
dustry on soil water balances but these do not appear accurate 
enough for the requirements of cable rating. In order to by- 
0-7803-6338-8/00/$10.00(~)2000 IEEE 1071 
pass the difficult theoretical questions it was decided to in- 
stall devices to measure the thermal resistivity under actual 
operating conditions and correlate these values with rainfall. 
This approach was facilitated by the availability of inexpen- 
sive data loggers that could be installed on site and automati- 
cally carry out measuring sequences. This meant that daily 
values of the soil thermal parameters could be obtained and 
compared with daily rainfall patterns. This paper describes a 
new technique for obtaining daily field values of thermal 
resistivity, illustrating the daily variations that can occur and 
how the data can be analysed to obtain monthly probability 
distributions of thermal resistivity and consequently the 
probability cable ratings. 
II. ON-LINE MONITORING SYSTEM 
For daily measurement of soil thermal resistivity the only 
practical possibility is a permanent, automated site preferably 
with remote communications. Advances in computer and 
communications technology and consequent cost reductions 
have made this possible. 
Figure 1 is a diagrammatic representation of a measuring 
site with local experimental control, data storage and com- 
munications to a remote computer for downloading and 
analysis of the collected data. The automated test and data 
recording system (the "on-line monitoring system") contains 
the "transient spheres" located in backfill adjacent to the ca- 
ble and in native soil, the data logger and heater control sys- 
tem for the spheres, a power supply, modems, telecommuni- 
cations and finally a desk top computer. 
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Figure 1. Automated On-line Monitoring System 
The on-line monitoring system can be remotely pro- 
grammed to undertake various tests and locally record data at 
user specified intervals. Transient sphere tests are imple- 
mented every day at the same time, for the same duration. 
Data is stored at the remote site in random access memory 
and is unloaded to the laboratory for further processing as 
required. Multiple sites can be easily instrumented and tests 
routinely undertaken. No field trips are necessary other than 
maintenance. One of the sites under observation has now 
been in continuous operation for over 4 years, recording data 
consistently. The resulting data sets have provided a unique 
set of observations on the variability of both thermal resistiv- 
ity and diffusivity. 
The transient sphere is a new technique for measuring the 
soil thermal parameters and consists of a spherical sensor for 
which an exact mathematical model can model the transient 
temperature rise. This enables the thermal resistivity and dif- 
fusivity to be determined. It also has the advantage of ena- 
bling robust construction for permanent burial. [9] 
111. DATA PROCESSING & ANALYSIS 
Data has been obtained from 3 sites (Edmonstone Street 
(since 1996) and Quay St. No.1 (1998) and 2 (1999)). An 
example of the data collected and processed is shown in Fig- 
ure 2 to Figure 4. The locations are three sites near the Bris- 
bane central business district (CBD). Figure 2 shows the de- 
rived values of thermal resistivity (TR ("Cm"/W) and diffu- 
sivity of a 11OKV-cable route from June 1999 to Jan 2000. 
Figure 3 shows the values of thermal resistivity at the same 
location in conjunction with rainfall from March to Septem- 
ber 1998. Figure 4 shows the values of thermal resistivity of 
backfill and native soil from an 11KV-cable route and rain- 
fall data from June to December 1999. 
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Figure 2. Soil Thermal Resistivity and Diffusivity - 1 lOKV Cable 
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Figure 3, Soil Thermal Resistivity and Rainfall - 1 IOKV Cable 
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Figure 4, Rainfall and Thermal Resistivity of 
Native Soil and Backfill - l l K V  Cable 
For a given location it is clear that the soil moisture con- 
tent is the most important factor in determining soil thermal 
resistivity and this in turn depends on the local rainfall. Thus 
rainfall can be closely correlated with an increased soil 
moisture content and consequently lower values of thermal 
resistivity. Conversely lack of rain will lead to an increase of 
TR. During the period from 1996 to 1998 in Brisbane, the 
precipitation and its seasonal variation followed a normal 
pattern, with periods of consistent wet weather during the 
summer months and long periods of low rainfall during the 
winter months. The variations in TR can be closely correlated 
with the rainfall as seen in Figure 3. However, during late 
1998 and 1999, the rainfall was unusual, with a consistent 
pattern of regular heavy rainfall with no periods less than two 
weeks without rain ("without rain" means average rainfall <= 
2.5mm/week, and will be used through out this paper). This 
kept the local soil saturated and hence the TR at a low, con- 
stant value as seen in Figures 2 and 4 that are two locations 
near the CBD. 
The graphs in Figures 2 to 4 illustrate some of the data 
collected over a period of four years and used to establish 
relationships between rainfall and TR. It was observed in 
almost all cases that the TR was reduced to less than 0.5 
when the accumulated rain over consecutive days exceeded 
1 5 m .  Conversely there is the data for increases in TR dur- 
ing dry periods. Increases in TR were obtained for periods of 
1,2,3 and 4 weeks without rain and the initial TR value was 
approximately 0.5. Figure 5 (X-axis is TR, Y-axis is number 
of weeks without rain and Z-axis is Relative Frequency) 
shows a probability distribution for these four cases. Only a 
small amount of data was available for periods greater than 
four weeks without rain and these values are all in the range 
1.0 to 1.1 for a period up to 7 weeks. So in this research at 
present, TR was assumed to be greater than 1.1 for dry peri- 
ods longer than four weeks. For the stabilised backfill moni- 
tored in this study, the normal assumption is that the TR will 
not exceed 1.2. This relationship provides the key to estab- 
lishing probability distributions for thermal resistivity from 
rainfall data over many years provided by the weather bu- 
reau. 
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Figure 5 .  Probability of TR during dry periods 
The above analysis establishes a quantitative link between 
rainfall and soil TR. This provides opportunity for short-term 
prediction of cable rating for operational purpose. For long 
term planning, it enables the use of rainfall statistics to pre- 
dict seasonal or monthly TR probability distributions. About 
hundred years of rainfall history in the Brisbane CBD from 
1898 to the present was obtained from the Australian Bureau 
of Meteorology. From this data the probability distribution of 
the maximum' number of weeks without rain during each 
month has been obtained. Figure 6 shows the result from 
January to December (The X-axis is number of weeks with- 
out rain and Y-axis is Relative Frequency). Normally No- 
vember to March is during the "wet" season, and April to 
October is during "dry" season. 
Using the results of Figure5 and Figure 6 a probability 
distribution for the most likely value of TR during each 
month can be established. It is plotted in Figure 7 (The X- 
axis the value of TR and Y-axis is Relative Frequency). The 
relative frequency for periods longer. than four weeks will 
include periods of up to six months. For all these cases the 
thermal resistivity will be greater than 1.1. For studies of 
sandy soils this value could be 4.0 or higher. Obtaining this 
data from field trials may not be possible because of the lim- 
ited number of times this may occur. However by measuring 
soil moisture content instead of TR, and then using the 
TWmoisture relationship this problem could be overcome. 
This would be of concern to operational staff who could use 
monitoring to the cable temperature or soil TR to manage this 
problem in the need areas. Planning staff would work with 
the values expected over a much longer period. 
The above analysis has shown that using field data and 
rainfall records, it is possible to establish a selected site of 
monthly probability distribution of soil TR based on actual 
operating and environmental conditions. Thus in the first 
time such data has been produced in Australia and also, we 
believe, worldwide. TO illustrate this, the continuous cment  
rating of a 1 lOkV XLPE cables were calculated on which the 
above studies were carried out. The designed continuous cur- 
rent rating value of this cable circuit during winter and sum- 
mer time are 320A and 340A. Figure 8 shoys the probability 
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Fig. 6, Probability Distribution of the maximum number of weeks 
without rain during each month ( 0 4  refer to the numbers of weeks 
without rain; * means more than 4 weeks without rain) 
of actual current ratings compared with the designed ratings. 
It is observed that 10% probability of current ratings are 
during 430A to 480A, 60% probability of current ratings are 
over 400A in summer and over 350A in winter, and 90% 
probability of current ratings are over 350A in summer and 
will match designed values in winter. Figure 9 shows the 
probability of current rating increase each month. We can see 
there is a high probability of increase the current rating of 
20% during summer months (November to April) when the 
cable is normally under heavy load. During winter months 
(May to October), 10% increase can be confidently con- 
firmed. 
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V. DISCUSSION 
The analysis in the previous section has shown that it is 
possible to establish experimental thermal resistivity prob- 
ability distributions at a selected site from a program of daily 
field measurements of thermal resistivity and weather bureau 
rainfall records. They show that soil TR can vary by a factor 
of two or more even in a period as short.as one month (see 
Figure 2). Also the thermal resistivity can maintain a low 
value over an extended period for a regular rainfall pattern 
(see Figure 4). The probability distributions in Figure 7 show 
that in February the maximum value of TR can be expected 
to be less than 0.8 with a probability of 80%. For July the 
corresponding figure is 1.1. It thus provides more informed 
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and precise basis for establishing the thermal resistivity in 
planning reinforcement of a circuit rather than reliance on a 
published recommended value. Thus for a circuit approach- 
ing ,its design load monitoring could be installed to establish 
the actual soil parameters and their expected variations over 
an extended period of time. Modern technology has reduced 
the cost of on line monitoring so that such studies are viable 
for a large range of cables for distribution and transmission 
circuits. 
Based on the new technique for studying of cable thermal 
environments, an experimental probability distribution for 
cable current ratings in each month has bee established, and 
up rating compared with design value can be applied. These 
significant results can assist the operator and designer to 
make their cable system more efficient, and provide the op- 
portunity to assist planner to delay reinforcement of their 
cables. Also, the monitoring techniques described here are, of 
course, immediately applicable to on line ratings for opera- 
tional purposes. By using actual parameters the true cable 
ratings are obtained rather than design values based on con- 
servative assumptions due to lack of knowledge. This pro- 
vides early warning of extended dry periods problems that 
can lead to very high TR and consequent reduced ratings. 
An aspect of asset management that can be addressed is 
ensuring that the cable is operating within its current rating 
design limits. Choice of a realistic value of current rating for 
a specific circuit has always presented problems because the 
limited knowledge about TR along a circuit and the expense 
of obtaining this data. However the use of automated moni- 
toring using modern technology has reduced the cost of site 
monitoring and made viable procedures similar to that de- 
scribed in this paper. A systematic monitoring procedure over 
a period of time would enable the collection of data for more 
informed decisions about soil TR. It also provides the op- 
portunity to monitor the behaviour of special backfills to en- 
sure that the anticipated behaviour occurs over a period of 
time. The need for better knowledge of the cable environment 
is highlighted even more with policies to achieve higher plant 
utilisation. Such policies can be achieved with reduced 
“safety factors” that require a more detailed knowledge of the 
cable environment. 
To establish the “hot spot” for a cable route without dis- 
tributed temperature system (DTS) a systematic approach to 
measurement and analysis similar to that described in this 
paper could be applied. Thus measurements at different sites 
along a cable route can provide data to compare the effects of 
different route conditions e.g. the effect of different soil 
types, topography, vegetation, sealed surfaces etc. There is 
evidence that such effects are important and such a study 
would provide quantitative data on their significance. Al- 
though there may be a doubt about the “hot spot” location, 
this would establish the characteristics of the thermal envi- 
ronment of a cable route and reduce the risk in decisions 
about soil TR. 
VI. CONCLUSION 
The described technique provides a reliable and practical 
method for studying thermal environments along under- 
ground cable routes and for the first time provides a bases for 
establishing probability based ratings using actual operating 
and environmental conditions. Hence, up rating compared 
with designed value can be achieved. The on-line monitoring 
system can also be used to calculate on-line ratings to take 
advantage of favourable ground conditions during periods of 
heavy load. 
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